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The microstructures and modiﬁcation performance on 4032 aluminum alloy of the Al–10Sr master alloy wire prepared from “direct reaction-hot
extrusion” and the trapezoidal block from “direct reaction” were systemically studied by using optical metallurgical microscope, XRD and SEM. It
was found that the preparation processes exhibited a signiﬁcant effect on the microstructures of the Al–10Sr, which thereby inﬂuenced its
modiﬁcation performance. It has been found that when the Al–10Sr alloy wire was used, a desirable modiﬁcation was obtained after 2 min and
reached to the best performance at 60 min, and the optimum Sr addition amount was 0.04–0.06 wt%, and the good modiﬁcation performance was
kept even after 300 min. However, when the Al–10Sr alloy trapezoidal block was used, a desirable modiﬁcation was started after 30 min and reached
to the best performance as long as 120 min, and the optimum Sr addition amount was 0.06–0.08 wt%, and the effective modiﬁcation period was only
180 min. Therefore, comparing with the Al–10Sr alloy trapezoidal block, the Al–10Sr alloy wire had better modiﬁcation efﬁciency, which not only reduced
the Sr addition amount of about 30%, but also greatly decreased the incubation time and improved the ability of anti-fading.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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As structural materials Al–Si alloys are the most important
and widely used Al alloys in the foundry industry due to their
speciﬁc characteristics, such as light weight, good corrosion
resistance, low coefﬁcient of thermal expansion, high strength
at high temperature, favorable mechanical properties, and
excellent castability, etc. [1–3]. Of various Al–Si alloys, 4032
Al alloy has attracted more attention due to its good casting and
wrought performances, and has been widely applied in the areas
of automobile part manufacturing industry, such as forgings, diesel10.1016/j.pnsc.2014.03.002
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However, due to its high Si content (11.0–13.5 wt%) in 4032
Al alloy, located in the eutectic point of Al–Si phase diagram [4],
the casting microstructures prior to the modiﬁcation treatment
consist of the coarse blocks and acicular/ﬂakes primary Si and
eutectic Si phase, respectively. In general, these coarse Si phases
are easy to arouse the stress centralization and cause micro-cracks
during deformation process, which will seriously deteriorate the
mechanical properties and processability of the alloys, especially
the ductility [5,6]. Therefore, in order to improve the mechanical
properties of Al–Si casting alloys, the structural reﬁnement of Si
phases has been a basic practice in applications, by changing the
morphology, size and distribution of the Si phases to weaken its
effect on α-Al matrix [6–9].
Many techniques have been proposed for reﬁnement of
Si phases in Al–Si alloys, such as mechanical/electromagnetic
stirring treatment [10–12], chemical treatment by modiﬁers
[13,14], rapid solidiﬁcation [15] and ultrasonic treatment [16]
etc.. In general, adding modiﬁcation elements, such as Na, Sb,Elsevier B.V. All rights reserved.
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(La, Ce, Pr, Eu, Yb) [18,19] in the form of Al-based master
alloys are the most simple and efﬁcient processes and have
been widely used in industry. Na is the ﬁrst element used to
modify Al–Si alloys commercially. However, due to its very
low solubility in Al melts, the recovery of Na is very poor
(10–50%). In addition, Na oxidizes quickly and the modiﬁca-
tion performance fades fast. Element Sb reduces the mechan-
ical properties, particularly in the slower solidifying regions of
a casting, and it also has reaction with element Sr or Na to
reduce the effectiveness of these modiﬁers. Element Sr not
only has a high recovery rate (80–90%), good modiﬁcation
performance and long modiﬁcation period, but also has no
environmental problems. Therefore, the use of Al–Sr master
alloys for modiﬁcation has been an established practice in
Al–Si foundries [20–23].
Up to now, there has been a great deal of researches on the
4032 Al alloy. For example, Rogante et al. [24] studied the
microstructural evolution of precipitates in 4032 Al alloy car
engine pistons by small angle neutron scattering technique. Yang
et al. [25] discussed the effects of high temperature diffusion
treatment on the microstructures, mechanical properties, thermal
extension and conduction of the 4032 Al alloy. Fang et al. [26]
exhibited the thermal formability of 4032 Al alloy. Zhan et al.
[27] investigated the deformation behaviors of porous 4032 Al
alloy during hot rolling. However, it is very few on the systematic
study of modiﬁcation performance of Al–Sr master alloy on the
microstructures of 4032 Al alloy. In fact, the modiﬁcation
performance is closely related to the microstructural character-
istics of the Al4Sr phase. That is to say, different microstructures
of Al–Sr master alloy with the same composition will exhibit
different modiﬁcation performance on Al–Si alloys [23,28].
In the present work, we comparatively investigated the
inﬂuence of manufacturing methods, “direct reaction” andFig. 1. Al–10Sr master alloys manufactured by (a) “dire“direct reaction-hot extrusion”, on the microstructural variations
including morphologies and sizes of the Al4Sr in two kinds of
Al–10Sr master alloys. Furthermore, the effects of the micro-
structures on the modiﬁcation performance of 4032 Al alloy
were studied according to the addition amount and holding time.
It is expected to demonstrate that relationship among modiﬁca-
tion performance – microstructure – manufacturing method,
which will propose a novel stratagem for improving casting
quality of Al–Si alloys.
2. Experimental procedure
Two modiﬁers were used in this work, i.e. the Al–10Sr
master alloy wire (∅ 9.5 mm, Fig. 1a) prepared by “direct
reaction-hot extrusion” process, and Al–10Sr alloy trapezoidal
block (Topline¼15 mm, Baseline¼30 mm, Fig. 1b) prepared
by “direct reaction” process. The details of the processes had
been reported elsewhere [20,28]. The chemical compositions
were quantiﬁed by using a direct reading spectrometer
(SPECTROMAXx). The metallurgical specimens which cut
along the transverse direction were mechanically polished, and
then etched in a 0.5% HF aqueous solution at room tempera-
ture for 5 s according to the test standards ASTM E3-11 2011
and ASTM E407-07e1. The microstructures of the specimens
were characterized by using an optical metallurgical micro-
scope (BX51F, Olympus, Japan), and the size of Al4Sr phase
was statistically measured by using image analysis software of
Image-Pro Plus 6.0.
The 4032 Al alloy was mainly composed of Al, Si, Mg, Ni
and Cu, and the chemical compositions used in this work were
listed in Table 1. The 4032 alloy was placed into a graphite
clay crucible and brought to 760 1C using a high-frequency
induction electric furnace (YG) to facilitate fast heating. Then
the melt was stabilized at 73075 1C for 5 min followed byct reaction-hot extrusion” and (b) “direct reaction”.
Table 1
Chemical compositions of 4032 Al alloy.
Elements Si Fe Cu Mg Cr Ni Zn Al
wt% 12.950 0.729 0.779 1.042 0.106 0.655 0.193 Balance
Table 2
Chemical compositions of Al–10Sr master alloys manufactured from different processes (wt%).
Process Sr Si Fe Mg Ni Zn Al
Direct reaction-hot extrusion 9.99 0.085 0.167 0.0045 0.0075 0.0053 Balance
Direct reaction 10.17 0.154 0.265 0.0149 0.0043 0.0039 Balance
H2007 standard (AA) 9.0–11.0 o0.2 o0.3 o0.05 o0.05 o0.05 Balance
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added into the melt with continuous stirring for 30 s, where the
Sr addition amount was 0.02%, 0.04%, 0.06 and 0.08%. After
holding for variant periods from 2 min to 300 min, the melt
was stirred for about 15 s again before pouring into a
cylindrical steel mold (preheated to 200 1C) at 73075 1C,
ﬁnally, cooled to room temperature under the air condition.
Both unmodiﬁed and Sr-modiﬁed 4032 alloy specimens
were electropolished with perchloric acid solution, consisted of
10 ml perchloric acid (70%), 10 ml glycerol and 80 ml ethanol
(70%) according to the test standards ASTM E3-11 2011 and
ASTM E407-07e1. The microstructures were observed by
using a scanning electron microscope (Sirion SEM, FEI, The
Netherlands) with 15 kV voltages, and the average sizes of eutectic
Si were measured by mathematical–statistical procedure. The phase
identiﬁcation of the 4032 alloys before and after modifying was
examined by using an X-ray diffraction spectrometer (D8
Advanced XRD) with a scanning speed of 4 1/min. The content
of Sr in 4032 aluminum alloy was also measured by using a direct
reading spectrometer (SPECTROMAXx).3. Results and discussion
3.1. Composition and microstructure analysis
of Al–10Sr master alloys
Table 2 lists chemical compositions of the Al–10Sr master
alloys prepared by variant processes, which meet the H2007
standard of aluminum association (AA). Fig. 2 shows the
metallographic morphologies and size distributions of Al4Sr
phase in the Al–10Sr master alloys prepared by “direct
reaction-hot extrusion” and “direct reaction” process, respec-
tively. Obviously, the manufacturing processes strongly inﬂu-
enced the morphologies and size of Al4Sr. That is, when the
“direct reaction-hot extrusion” process was used, most of Al4Sr
exhibited the shape of blocks, and distributed homogeneously
in the α-Al matrix. Meanwhile, it was noted that the Al4Sr
seemed to be loose with many pores and cracks inside or on
the edges of the blocks. The statistical measurements revealed
that the width of Al4Sr was around 15 μm, and the length in
the range of 10–80 μm (with an average of 45 μm), as shownin Fig. 2a and b. However, for the “direct reaction” process,
the Al4Sr phase exhibited a shape of rectangular stripe or ﬂake.
There were also many pores and cracks inside or on the edges
of the Al4Sr phase. The width was around 10 μm and length in
the range of 50–300 μm (with an average of 157 μm), as
shown in Fig. 2c and d.
In general, the modiﬁcation performance of Al4Sr phase is
critically depended upon its stability during applications,
which is closely related to its morphology, size, distribution
and crystal structure [29]. Therefore, theoretically it is pre-
dictable that the Al–10Sr master alloys prepared by using
different processes will have a different modiﬁcation perfor-
mance on 4032 Al–Si alloy.3.2. Inﬂuence of modiﬁcation with different
Sr addition amount
Up to now, several mechanisms for Sr modiﬁcation of eutectic
Si have been proposed, in which the twin plane reentrant (TPRE)
mechanism [30] and the interface step mechanism [31] are the
well known mechanisms. However, no matter what mechanism
it is, it is believed that Sr atoms are absorbed at the Si–liquid
interface, which inhibits further growth of the Si phase and
changes its original growth direction, and thereby leads to the
changes of morphology and size of eutectic Si phase. Several
studies have indicated that when Sr atoms are absorbed on {111}
surfaces of Si phase, which will greatly lower the {111} twin
boundary energy, and cause a dramatic increase in twinning
density [15,19,32]. Therefore, the effect of modiﬁcation perfor-
mance of Sr element on Al–Si alloys can be reﬂected from the
twin density in Si phase.
Fig. 3 illustrates the XRD patterns of 4032 alloy modiﬁed
with different Sr contents. From Fig. 3a, the (111) peak value
of Si phase in the original 4032 alloy was very low, while after
adding 0.02 wt% Sr of Al–10Sr alloy wire, the peak value
became higher, which suggested the increase of the proportion
of (111) plane of Si phase. In other words, there were more
twins in Sr modiﬁed Si phase. With a further increase of
Sr content, the (111) peak value continued to increase, but the
improvement was small. It indicated that the twin densities had
a little increase as the Sr content exceeded 0.02 wt%. In addition,
Fig. 3. XRD patterns of 4032 Al alloys modiﬁed with different Sr contents: (a) Al–10Sr master alloy wire from “direct reaction-hot extrusion” and (b) Al–10Sr
master alloy trapezoidal block from “direct reaction”.
100μm
100μm
Al4Sr
Al4Sr
Fig. 2. Optical morphologies and length distributions of Al4Sr phases in Al–10Sr master alloys: (a) and (b) “direct reaction-hot extrusion” process; (c) and
(d) “direct reaction” process.
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Fig. 5. The average length of eutectic Si phases in 4032 Al alloy with different
Sr contents.
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α-Al matrix were also changed after Sr addition. Before the
modifying treatment, the (200) peak value was stronger than
the (111). However, when Sr was added, the (111) peak value
increased and (200) decreased in 4032 alloy. That is to say, the
crystal orientations of the α-Al matrix were also changed
during modiﬁcation.
In Fig. 3b, the changing trend of peaks was almost
consistent with that in Fig. 3a. The slight difference was that
the increase of (111) peak value of Si phase was small, when
comparing with the unmodiﬁed sample after adding 0.02 wt%
Sr of Al–10Sr master alloy trapezoidal block. It meant that the
density of twins was not too high in 4032 alloy. The results
also indicated that 0.02 wt% Sr addition of Al–10Sr alloy
trapezoidal block was not enough for 4032 alloy, and more
Sr content was needed to get a better modiﬁcation performance.
Fig. 4 shows the SEM microstructure of 4032 alloy before
modiﬁcation. It can be seen that the main microstructure of
4032 alloy was composed of the coarse columnar dendritic
α-Al phase, large blocky primary Si phase and coarse acicular/
ﬂaky eutectic Si phase (with an average length of about
27 μm). Besides, many coarse secondary dendrites were also
observed to be paralleled to each other, growing in the
direction of 451 to the primary dendrite trunks, as shown in
Fig. 4b. This microstructure of 4032 alloy is very harmful to its
application. Upon loading, the coarse acicular/ﬂaky eutectic
Si phase will act as crack initiation sites because of its stress
concentration effect and then decreased the mechanical proper-
ties of the alloy.
Fig. 5 illustrates the average length of eutectic Si phase in
4032 alloy after modiﬁcation with different Sr contents.
Obviously, the average length of eutectic Si decreased rapidly
within Sr content 0.02 wt%, and then became slower when
Sr contents increased. Fig. 6 shows the microstructural
evolution of 4032 alloy with different Sr contents of Al–
10Sr master alloy wire after holding for 30 min. It was
revealed that when 0.02% Sr was added, the morphology of
eutectic Si phases was visibly altered from coarse acicular/
ﬂaky into ﬁne ﬁbers, and few were changed into ﬁne dendrites
in some localized areas. The length of eutectic Si phases was in
the range of 1.8–13.1 μm, with an average length of about
5.12 μm. When Sr content was 0.04 wt%, almost all eutectic
Si phases have been changed into the ﬁne ﬁbers, as shown in100μm
α-Al
Primary Si
Eutectic Si
Fig. 4. SEM morphologies of 4032 Al alloy without modiﬁcatiFig. 6b, with an average length of about 3.41 μm. With further
increasing Sr content to 0.06% and 0.08%, all eutectic Si
phases had completely changed into the ﬁne ﬁbers with an
average length of 1.99 μm and 1.97 μm, respectively, as shown
in Fig. 6c and d.
The results indicated that there was no further signiﬁcant
changes in modiﬁcation performance of eutectic Si phases as
Sr content of Al–10Sr master alloy wire exceeded 0.06 wt%.
In addition, it is generally accepted that element Sr will
improve the capacity of air admission of Al melt during
modiﬁcation, which thereby exacerbated the defects in the
casting, such as loose and pores [33,34]. Therefore, the
optimum Sr addition amount of the Al–10Sr master alloy wire
was about 0.04–0.06 wt%.
Comparatively, Fig. 7 shows the microstructural evolution
of 4032 alloy with different Sr contents of Al–10Sr master
alloy trapezoidal block after holding for 30 min. Similarly,
when 0.02 wt% Sr was added into the melt, the morphology of
eutectic Si phases changed into a mixture of acicular/ﬂaky and
dendrite types, indicating a very poor modiﬁcation perfor-
mance to 4032 alloy. The length of eutectic Si phases was in
the range of 3.5–25.3 μm, with an average length of about
7.35 μm. When Sr content was 0.04 wt%, the most of eutectic
Si phases were presented as larger ﬁbers with an average10μm
on: (a) low magniﬁcation and (b) high magniﬁcation.
50μm 50μm
50μm 50μm
Fig. 6. SEM microstructural evolution of 4032 Al alloy modiﬁed with different Sr contents of the Al–10Sr alloy wire from “direct reaction-hot extrusion” at holding
time 30 min: (a) 0.02 wt%Sr; (b) 0.04 wt%Sr; (c)0.06 wt%Sr and (d) 0.08 wt%Sr.
50μm
50μm
50μm
50μm
Fig. 7. SEM microstructural evolution of 4032 Al alloy modiﬁed with different Sr contents of the Al–10Sr alloy trapezoidal block from “direct reaction” at holding
time 30 min: (a) 0.02 wt%Sr; (b) 0.04 wt%Sr; (c) 0.06 wt%Sr and (d) 0.08 wt%Sr.
C. Liao et al. / Progress in Natural Science: Materials International 24 (2014) 87–9692length of 5.54 μm, as shown in Fig. 7b. With further increasing
to 0.06 wt% and 0.08 wt% Sr contents, all eutectic Si phases
transformed into ﬁne ﬁbers with an average size of 2.93μm and
2.13μm, as shown in Fig. 7c and d, respectively. Therefore, theoptimum Sr addition amount of the Al–10Sr alloy trapezoidal
block was about 0.06–0.08 wt.%.
Overall, the eutectic Si phase of 4032 alloy modiﬁed with
Al–10Sr master alloy wire prepared by “direct reaction- hot
C. Liao et al. / Progress in Natural Science: Materials International 24 (2014) 87–96 93extrusion” process was much ﬁner than that of the Al–10Sr master
alloy trapezoidal block prepared by “direct reaction” process under
the same Sr addition amount. Furthermore, it was also found that
the number of primary Si phases was markedly reduced after
modiﬁcation. This was because that the Sr addition could make the
pseudoeutectic area move to the zones above the extended line of
the aluminum liquidus. Meanwhile, it also caused a decrease of
eutectic transformation temperature and an increase of eutectic
point to the high Si content. In that case, even if they were
hypereutectic alloys, they could also obtain a eutectic or hypoeu-
tectic structure at low cooling rate, resulting in reducing the number
of primary Si phases [35].
Table 3 lists the modiﬁcation efﬁciency of element Sr on
4032 alloy with various Sr contents. The modiﬁcation
efﬁciency¼ (size of original eutectic Si phasesize of the
Sr-modiﬁed eutectic Si phase)/size of original eutectic Si.
It can be seen that the Al–10Sr master alloy wire exhibited
a better modiﬁcation efﬁciency than that of the Al–10Sr master
alloy trapezoidal block under the same Sr addition amount.
In other words, comparing with trapezoidal block, the Sr
addition amount of the wire could be reduced by 30%, when
obtained the same modiﬁcation level.3.3. Inﬂuence of modiﬁcation with different holding time
In addition to element Sr addition amount, the holding time
during casting was also an important parameter for modiﬁca-
tion performance of eutectic Si phase. Fig. 8 shows the
microstructural evolution of 4032 alloy at different holding
time modiﬁed with 0.04 wt% Sr of Al–10Sr master alloy wire.
It can be seen that when the holding time was 2 min, all
eutectic Si phases changed from coarse acicular/ﬂake into ﬁne
ﬁbrous shape with an average length of 3.66 μm (Fig. 8a). As
the holding time increasing from 2 min to 60 min (Fig. 8a–e),
the average length of eutectic Si phases decreased gradually
from 3.66 μm to 2.76 μm, and the optimum modiﬁcation
performance was obtained at 60 min. After that, further
prolonging of the holding time would not have effect upon
the decreasing of length of eutectic Si phases. However,
oppositely it began to increase and its morphology also began
to change from ﬁbers to dendrites. When the holding time was
up to 300 min (Fig. 8h), almost all eutectic Si phases were in
the shape of dendrites with an average length of 6.29 μm. But
the modiﬁcation efﬁciency still reached as high as 76%, which
indicated that except for the advantages of good modiﬁcationTable 3
Modiﬁcation efﬁciency of 4032 Al alloy with different Sr contents.
Sr content(%) Modiﬁcation efﬁciency (%)
Al–10Sr master
alloy wire
Al–10Sr master alloy
trapezoidal block
0.02 80.97 72.79
0.04 87.38 79.50
0.06 92.64 89.16
0.08 92.71 92.12performance and no incubation time, the Al–10Sr alloy wire
also exhibited a strong ability for anti-fading.
Fig. 9 shows the cases of the Al–10Sr master alloy
trapezoidal block. When 0.04 wt% Sr was added into the melt
within 2 min (Fig. 9a), the eutectic Si phases only changed
from coarse acicular/ﬂake into a mixture of acicular/ﬂaky and
dendritic types with an average length of 6.52 μm. As
increasing the holding time from 2 min to 120 min (Fig. 9a–f),
the morphology of eutectic Si phases changed gradually into
ﬁbers, and the average length decreased gradually from 6.52 μm
to 3.59 μm. The optimum modiﬁcation performance occurred at
120 min. After that, with further prolonging the holding time, the
modiﬁcation performance would deteriorate, which resulted in
the morphological transformation of eutectic Si phases into
dendrites and the length increased, too. When the holding time
was up to 300 min (Fig. 9h), the modiﬁcation performance
became very poor, i.e., the number of primary Si phases
increased, and the average length of eutectic Si phases seriously
enlarged into 8.68 μm, which made the modiﬁcation efﬁciency
less than 70%. These results implied that the Al–10Sr master
alloy trapezoidal block not only had the disadvantage of long
incubation time, but also had weak ability for anti-fading.
In general, the incubation time of modiﬁcation mainly
depends on the dissolution rate of Al4Sr phase. In the present
work, for the Al–10Sr master alloy wire, two factors ensure a
better modiﬁcation performance:(1) Special manufacturing process of the “direct reaction-hot
extrusion” involving additional mechanical and electro-
magnetic stirring, hot extrusion and large cross-section
deformation, etc. greatly changed the growth dynamics of
Al4Sr phase, and resulted in the formation of ﬁne and
dispersive Al4Sr phases. Therefore, when they were added
into Al–Si melt, the Sr atoms could decompose from Al4Sr
and participated in the modiﬁcation reaction very quickly.(2) According to the deformation theory, the hot extrusion
deformation could increase the internal energy of metals,
which greatly increased the surface free energy and
dislocation density of the Al4Sr phase [29]. Therefore,
the Al4Sr with high internal energy was thermodynami-
cally unstable, and dissolved into the Al–Si melt more
easily. This was the reason why the Al–10Sr master alloy
wire with ﬁne Al4Sr could improve the modiﬁcation
performance and reduced the incubation time.Oppositely, for the Al–10Sr master alloy trapezoidal block,
the dissolution rate of Al4Sr phases was slow due to its large
size, which increased the time of Sr decomposing from Al4Sr
phases. Meanwhile, according to the structural heredity theory
[29], the coarse Al4Sr phase might survive in Al–Si melt for
a long time, which greatly inﬂuenced the modiﬁcation reactions
of Sr atoms. Consequently, both modiﬁcation performance and
incubation time became worse than that of the Al–10Sr master
alloy wire prepared by “direct reaction-hot extrusion”.
During modiﬁcation, the fading phenomenon of Al–Sr master
alloy is a process of oxidation and evaporation of Sr element.
50μm 50μm 50μm
50μm50μm
50μm 50μm 50μm
Fig. 8. SEM microstructural evolution and length of eutectic Si phases in 4032 Al alloy modiﬁed with 0.04 wt% Sr content of the Al–10Sr master alloy wire at
different holding time: (a) 2 min; (b) 5 min; (c) 10 min; (d) 30 min; (e) 60 min; (f) 120 min; (g) 180 min; (h) 300 min and (i) length of eutectic Si phase as a function
of holding time.
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Sr oxidation process:
½Srþ½O-½SrO ð1Þ
And the Sr oxidation rate in the melt can be expressed by
the kinetic Eq. (2):
dc
dt
¼ kcn ð2Þ
where c is Sr concentration in the melt at time t; k is reaction
rate constant; n is the order of reaction. When n¼1, the
oxidation rate is proportional to Sr concentration, as expressed
in Eq. (3):
dc
dt
¼ kc ð3Þ
When t¼0, c0 is the initial concentration, and we could get
Eq. (4) after integration of Eq. (3):
ln
c0
c
¼ kt ð4Þ
From Eq. (4), we can obtain the reaction rate constant of
Sr in the melt under different conditions.Fig. 10a shows the Sr concentration evolution in 4032 alloy
with different holding time modiﬁed with 0.04% Sr content of
the two Al–10Sr master alloys. Obviously, the Sr content
decreased sharply with increase of holding time from 0 min to
180 min, and after that, the Sr content became constant until
the holding time up to 300 min, which indicated that there was
a limit for the Sr oxidization in the melt.
Fig. 10b illustrates the curves of ln(c0/c) with the holding
time (t) based on the calculation of Sr content. It can be seen
that Sr contents ﬁtted the line well before 180 min for both
Al–10Sr master alloys, and it was also consistent with the
results of Li et al. [36]. However, when the holding time was
up to 5 h, the Sr contents exhibited a large deviation from the
lines. These results suggested that the Sr oxidation in 4032
alloy melt might mainly divide into two stages. In the ﬁrst
stage (0–180 min), the ln(c0/c) was linear with t, which means
that the oxidation met the ﬁrst order kinetics; while in the
second stage (180–300 min), it did not meet the ﬁrst order
kinetics.
From the calculations of Sr oxidization in the ﬁrst stage, the
reaction rate constant of the Al–10Sr wire was (6.570.2)
105 in 4032 alloy melt, while it was (9.770.4) 105 for
50μm 50μm 50μm
50μm 50μm
50μm 50μm 50μm
Fig. 9. SEM microstructural evolution of eutectic Si phase in 4032 Al alloy modiﬁed with 0.04 wt% Sr content of the Al–10Sr master alloy trapezoidal block
at different holding time: (a) 2 min; (b) 5 min; (c) 10 min; (d) 30 min; (e) 60 min; (f) 120 min; (g) 180 min and (h) 300 min.
Fig. 10. (a) Sr concentration evolution of in 4032 Al alloy modiﬁed with 0.04 wt% Sr content and (b) ln(c0/c) as a function of the holding times.
C. Liao et al. / Progress in Natural Science: Materials International 24 (2014) 87–96 95the Al–10Sr trapezoidal block. This indicated that more
element Sr was oxidized in the melt in case of the Al–10Sr
trapezoidal block. That was to say, the Sr burning loss
increased, the effective modiﬁcation period shortened and theability of anti-fading reduced. The main reason was because of
the dissolution rate of Al4Sr phase in the melt, i.e. when the
Al–10Sr trapezoidal block was used, the dissolution rate of
Al4Sr was low, which means that Sr atoms need more times to
C. Liao et al. / Progress in Natural Science: Materials International 24 (2014) 87–9696be decomposed from Al4Sr, and led to a long period of time to
expose in the environment for Sr oxidation. Obviously, the
ability of anti-fading of the Al–10Sr wire was stronger with a
longer effective modiﬁcation period (4180 min) than that of
the Al–10Sr trapezoidal block.
4. Conclusions
From the comparative studies, a clear relationship among
modiﬁcation performance – microstructure – manufacturing
method was established for the Al–Sr master alloys.
The effective modiﬁcation performance is strongly related to
the microstructure of Al4Sr phases in the Al–10Sr master
alloys, and the special microstructures of Al4Sr phases can be
desired from the adjusting of the manufacturing process.
Comparing with the traditional “direct reaction”, the present
“direct reaction-hot extrusion” provides a special and effective
process for mass manufacturing Al–Sr master alloy wires,
which greatly improves the modiﬁcation performance of 4032
Al alloy through formation of large amount of small-size and
homogeneous Al4Sr phases in the α-Al matrix.
It is expected that the similar modiﬁcation performance can
be achieved in the other Al alloy casting by using the Al–Sr
master alloy wires from the “direct reaction-hot extrusion”
process.
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